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The purpose of this thesis is to study and ﬁnd the appropriate grid-voltage syn-
chronization method for grid-connected converters under diﬀerent kinds of faults
like phase unbalancing, harmonics, oﬀset and voltage sags. The main purpose of
grid-synchronization algorithms is to estimate the positive- and negative-sequence
components of the utility voltage under unbalanced and distorted condition. The
existing most advanced phase-locked loop (PLL) and frequency-locked loop (FLL)
methods are well known method for grid-synchronization. The fundamental vari-
able estimated by the PLL is the grid-phase angle, whereas the grid frequency is
the one for the FLL. The most extended technique used for grid synchronization
in three-phase three wire system is a synchronous reference frame PLL (SRF-
PLL). The SRF-PLL works accurately during balanced condition, but cannot
estimate voltage components during unbalanced condition. The Decoupled Dou-
ble Synchronous Reference Frame PLL (DDSRF-PLL) is might be a substanti-
ation solution for the estimation of the sequence components of the utility volt-
age under unbalanced condition. Another method based on the FLL, a double
second-order generalized integrator FLL (DSOGI-FLL) has also the ability to de-
tect the positive- and negative-sequence components of the utility voltage under
unbalanced condition. DDSRF-PLL and DSOGI-FLL algorithms are tested un-
der diﬀerent kinds of faults and compared with each other. The results show that
their performance under harmonic-distorted condition is not really acceptable.
A new algorithm based on SRF-PLL, decoupled multiple synchronous reference
frame PLL (DMSRF-PLL) might be a better solution for accurate detection of
the positive- and negative-sequence voltage components under unbalanced and
harmonic distortion condition.
Keywords: decoupling network, frequency-locked loop, grid-connected con-
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1 Introduction
1.1 Background
An electric grid is an interconnected network for delivering electricity from suppliers
to consumers. Electrical grids are aﬀected by various occurrences like continuous
connection and disconnection of loads, harmonics, faults caused by nature or equip-
ment failure. Penetration of distributed power generation systems (DPGS) based
on renewable energy sources (RES) in recent year have increased signiﬁcantly. Grid
connection requirements (GCRs) state that DPGS should ride through grid distur-
bance without tripping as successfully as the conventional power plants they replace.
The widespread use of power electronics systems will result even better performance
than the conventional power plants. This requires the improvement of control and
design of power converters for ride through diﬀerent kinds of faults. The control
scheme of the grid-side converter (GSC) mostly depends on two cascade loops. One
is an internal current loop, which regulates the grid current and another one is ex-
ternal voltage loop, which controls the dc-link voltage. The control of the GSC is
based on a dc-link voltage loop and it is designed for balancing the power ﬂow in
the system [1].
RES require accurate and appropriate performance not only under normal grid
operation but also under abnormal and faulty grid conditions according to the mod-
ern grid codes. The appropriate operation of the interconnected RES is achieved
by controlling the GSC properly. The proper control of the GSC can be ensured
by accurate synchronization. So the grid synchronization algorithms for fast and
accurate detection of the grid voltage parameters are of great importance in the
control of grid-connected power converters for implement stable control strategies
under generic grid conditions.
Three-phase power converters used in wind turbine (WT) and photovoltaic (PV)
systems generally inject positive sequence currents at the fundamental frequency into
the grid and only intentionally inject negative-sequence and harmonic currents in
unusual cases, i.e. either avoiding power oscillations to protect the power converter
or injecting unbalanced reactive currents to compensate the unbalanced grid voltage
at the point of common coupling (PCC) [1]. So the correct detection of the positive-
and negative-sequence component at the fundamental frequency of the three-phase
grid voltage can be considered as the main task of the synchronization system of a
grid-connected three-phase power converter.
As per the requirement, the grid-voltage synchronization by using phase-locked
loop (PLL) is became an conventional way of grid-synchronization. There is an
another method based won frequency-locked loop (FLL) might be an alternative
choice for grid-synchronization. The fundamental variable estimated by the PLL is
the grid-phase angle, whereas the grid frequency is the one for the FLL.
2The purpose of the synchronization algorithm is to extract the positive- and neg-
ative sequence voltage, phase angle and the frequency of the grid voltage [3]. Most
of the faults create unbalanced voltages and, as a result, fast and accurate detection
of the positive and negative sequence components of the grid voltage is important
in order to control energy transfer and keep generation up according to GCRs.
The energy transfer and power ﬂows between the ac mains and a grid-connected
power converter mostly depend on the angle φ between them. The control of grid-
connected power converter requires an on-line tracking of the ac mains voltage phase
angle θ in order to calculate the suitable ﬁring signals. Phase locked-loop (PLL) sys-
tem and frequency-locked loop (FLL) be designed to detect the unbalance condition
in the control structure by extract the phase angle θ and frequency ω of the grid
voltages, respectively. Three-phase synchronous reference frame PLL (SRF-PLL)
is broadly use for detecting the positive-sequence component of the voltage. But
it cannot estimate the voltage components during unbalanced condition due to the
appearance of negative-sequence voltage in the unbalanced system.
1.2 Structure of the Thesis
In forthcoming sections in this thesis, two most advanced grid-synchronization al-
gorithms decoupled double synchronous reference frame PLL (DDSRF-PLL) and
second-order generalized integrator FLL (SOGI-FLL) for detecting the positive- and
negative-sequence components at the fundamental frequency of the three-phase grid
voltage are studied and modelled. In section 8, their performance under diﬀerent
fault conditions are tested and evaluated. The results show that both DDSRF-PLL
and SOGI-FLL can perfectly detect the positive- and negative-sequence voltage com-
ponents under unbalanced condition. But both DDSRF-PLL and SOGI-FLL cannot
perfectly detect the positive- and negative-sequence voltage components under un-
balanced and harmonic distortion condition.
Finally in section 9, conclusion, as a future work of this thesis, a new algorithm
based on SRF-PLL, decoupled multiple synchronous reference frame PLL (DMSRF-
PLL) has been proposed. DMSRF-PLL will have the ability of accurate detection
of the positive- and negative-sequence voltage components under unbalanced and
harmonic distortion condition.
32 Three-phase Balanced and Unbalanced System
The three-phase utility voltage abc can be written as [27],
uabc(t) =
 ua(t)ub(t)
uc(t)
 =
 Ua cos(ωt+ φa)Ub cos(ωt− 2pi3 + φb)
Uc cos(ωt+
2pi
3
+ φc)
 (1)
where Ua, Ub and Uc are the peak value of ua(t), ub(t) and uc(t) phase voltages,
respectively. During normal operation Uˆa ≈ Uˆb ≈ Uˆc and φa, φb and φc are small.
2.1 Sequences
Normal situation of a three-phase system with equal peak values in all three phases,
and absolutely 120◦ phase distribution. This is known as a symmetric system. When
phase b lags behind phase a by 120◦, it is known as positive sequence:
uabc(t) =
 ua(t)ub(t)
uc(t)
 =
 Ua cos(ωt)Ub cos(ωt− 2pi3 )
Uc cos(ωt+
2pi
3
)
 (2)
But if this order is not followed, and phase b lags behind phase a by 240o, the system
has negative sequence:
uabc(t) =
 ua(t)ub(t)
uc(t)
 =
 Ua cos(ωt)Ub cos(ωt+ 2pi3 )
Uc cos(ωt− 2pi3 )
 (3)
The un-symmetric three-phase system in (1) can be decomposed in a positive se-
quence, a negative sequence and a zero sequence,
uabc(t) =
 ua(t)ub(t)
uc(t)
 =
 U+ cos(ωt+ φ+1)U+ cos(ωt− 2pi3 + φ+1)
U+ cos(ωt+
2pi
3
+ φ+1)

︸ ︷︷ ︸
u+abc
+
 U− cos(ωt+ φ−1)U− cos(ωt+ 2pi3 + φ−1)
U− cos(ωt− 2pi3 + φ−1)

︸ ︷︷ ︸
u−abc
+
 u0(t)u0(t)
u0(t)

︸ ︷︷ ︸
u0abc
(4)
where U+ and U− are the peak value of the positive and negative sequence com-
ponents and u+abc,u
−
abc,u
0
abc are positive- , negative- and zero-sequence voltages of
three-phase voltage. Here u0(t) is zero sequence component and expressed as,
u0(t) =
ua(t) + ub(t) + uc(t)
3
(5)
2.2 Space Vector Transformations
The Clarke Transformation is used to express the utility voltage into the stationary
reference frame αβ. For symbolic notation, the space vector in stationary coordi-
nates, is denoted by, superscript s of the vector itself and its components are denoted
4by, subscripts α and β respectively [9]. Then the utility voltage vector is,
us =
[
uα
uβ
]
=
2
3
[
1 −1
2
−1
2
0
√
3
2
√
3
2
]
︸ ︷︷ ︸
[Tαβ]
 uaub
uc
 (6)
(where we from here on drop the time argument (t), for simplicity). It is seen
from the (6) that the zero sequence of abc is eliminated. Basically, most of the
three phase and three wire systems do not have a physical neutral wire connection.
The advantage of it is, that, phase to phase voltage can be utilized for reducing the
number of voltage sensors and also the components in transformation matrix. So
the (6) can be rewritten as [7],
us =
[
uα
uβ
]
= [Tαβ]
 ua − ucub − uc
uc − uc = 0
 (7)
These can be transformed into synchronous dq reference frame through Park's trans-
formation. For symbolic notation, the space vector in synchronous coordinates, is
denoted by boldface of the vector itself and its components are denoted by, subscripts
d and q, respectively.
u =
[
ud
uq
]
=
[
cos θ sin θ
− sin θ cos θ
] [
uα
uβ
]
(8)
where θ =
∫
ωdt, in steady state and θ and ω are the original phase angle and
frequency of the input voltage vector. Now the voltage vector us can be written for
positive and negative sequence components as,
us = us+ + u
s
− = U+
[
cos(ωt)
sin(ωt)
]
+ U−
[
cos(−ωt+ φ−1)
sin(−ωt+ φ−1)
]
(9)
where us consist of two sub-vetors; us+, rotating with a positive angular frequency
ω and us−, rotating with a negative angular frequency −ω.
2.3 Voltage Sags
A voltage sag, also known as a voltage dip, is a sudden reduction of the grid voltage,
usually between 10 to 90% of the rated value, for a period lasting from half a cycle
to a few seconds. Diﬀerent type of grid fault and depending on the transformer
connections along the power lines, voltage sags can be characterized in separate. A
detailed explanation about this topic can be found in [31]-[32]. The voltage sags
classiﬁcation are given below:
1. Sag type A. Three-phase fault and three-phase-to-ground fault.
2. Sag type B. Single-phase-to-ground fault.
53. Sag type C. Phase-to-phase fault.
4. Sag type E. Two-phase-to-ground fault.
The type of sag experienced by a system connected to a given AC bus not only
depend on the number of phases aﬀected by the grid fault but it is also depend
on the transformers location in between the AC bus and the fault point. The
amplitude and phase angle of the unbalanced voltage resulting from a given grid
fault will change, when propagated through regular three-phase transformer used in
the network, which will give rise to new types of voltage sags, diﬀerent to the ones
has classiﬁed earlier. After this, due to the propagation of voltage sags, the new
type of voltage sags are classiﬁed below. Moreover, the zero-sequence component,
normally present in phase-to-ground faults, will be removed.
1. Sag type D. Propagation of sag type C.
2. Sag type F. Propagation of sag type E.
3. Sag type G. Propagation of sag type F.
As an example, a sag type C is given below: UaUb
Uc
 =
 1−1
2
−
√
3
2
D
−1
2
+
√
3
2
D
Upf
 U+U−
U0
 =
 12(1 +D)1
2
(1−D)
0
Upf (10)
where Upf represents the pre-fault voltage vector of one of the phase in a three-phase
balanced system and D is the characteristic phase angle jump of the voltage sag.
63 Basic control of Grid-connected Power Converter
Grid-connected power converters in a distributed generation system are connected
in electrical network system, which can be aﬀected by various grid faults because
of many factors. The control of these power converters under abnormal condition
should guarantee that the protection of the converter would not trip but also need
to support the grid voltage under these conditions. Grid faults mostly give rise of
unbalanced grid voltages at the PCC and as a result the currents injected into the
grid get non-sinusoidal and lose their balanced operation. As a result the combina-
tion of these unbalanced grid voltages and such currents give rise to uncontrolled
oscillations in the active and reactive power delivered to the network. The accurate
operation of the power converter under these conditions is one of the main control
task [1].
Grid-voltage synchronization algorithm has the ability to detect the positive and
negative sequence components of unbalanced utility voltage during diﬀerent kind of
faults. These diﬀerent sequences of grid voltage are used to calculate the current
reference iref, which plays an important role on the delivered power quality during
the fault [22]. As we can see from Fig. 1, the grid synchronization block performs
the estimation of the magnitude, frequency and phase angle of the positive- and the
negative-sequence components of the grid voltage u+abc, u
−
abc, ω, and θ, respectively.
After that, these estimated values are used at the current controller block, which
settles ﬁnally the voltage waveform uref to be modulated as well as at the reference
generator, responsible of determining the current reference to be tracked [9]. The last
block power converter on the left hand side, will vary accordingly as an active ﬁlter,
a static synchronous compensator (STATCOM), or a power processor, depending on
the power generation plant. The values of the synchronization loop could aﬀect the
generation of the reference currents, the dynamics of the current controller, and also
the calculation of the dq component of the grid voltage and injected currents. These
phenomenons sum up that a faster and accurate performance of the synchronization
loop has great importance for the control of the GSC [23].
Grid
Synchronization
Reference
Generator
Current
ControllerPWM
Power Converter
LC
ﬁlter
Power from
RES
Grid
iabc uabc
uref
θ, ω
u+abc,u
−
abc
iref
Figure 1: Generic grid synchronization application for the control of a grid connected
three-phase power converter.
73.1 Power Control during Unbalanced Grid Conditions
Under unbalanced conditions, the control of the instantaneous active and reactive
power exchanged with the grid requires accurate control strategy. Most importantly,
the appearance of the power oscillating terms as a result of the interaction between
voltages and currents with diﬀerent sequences, needs accurate control structure for
calculating the current, which needs to be injected into the grid.
Now, the instantaneous active power, p, supplied or drained by a grid-connected
three-phase power converter can be written in synchronous coordinates as [1],
p =
3
2
uT i
=
3
2
(udid + uqiq) (11)
where u is the voltage vector at the PCC and i =
[
id iq
]T
is the injected current
vector in such a point. The subscript ` T ' indicates transpose of matrices. Now, if
we consider the symmetrical components of both voltage and current, (11) can be
written as,
p =
3
2
[
(u+)T + (u−)T
] [
i+ + i−
]
=
3
2
[
(u+)T i+ + (u−)T i−
]︸ ︷︷ ︸
P
+
3
2
[
(u+)T i− + (u−)T i+
]︸ ︷︷ ︸
p˜
(12)
where subscripts `+' and `−' denote the positive and negative sequence variables,
respectively. In (12), the area over P on the bracket is the average value and second
area over p˜ on the bracket is the oscillatory value of the active power, respectively.
Now the instantaneous active power, q, is deﬁned as,
q =
3
2
uTJi
=
3
2
(uqid − udiq) (13)
where J = [ 0 −11 0 ] [27]. Now, again we can consider the symmetrical components of
both voltage and current for (13),
q =
3
2
[
(u+)T + (u−)T
] [
Ji+ + Ji−
]
=
3
2
[
(u+)TJi+ + (u−)TJi−
]︸ ︷︷ ︸
Q
+
3
2
[
(u+)TJi− + (u−)TJi+
]︸ ︷︷ ︸
q˜
(14)
In (14), ﬁrst area over Q on the bracket is the average value and second area
over q˜ on the bracket is the oscillatory value of the reactive power, respectively.
83.2 Current Reference Strategies Delivering Active and Re-
active Power
As mentioned earlier, new GCRs demand that wind turbines have to ride-through
severe operating conditions originated by transient faults. However, it is not speci-
ﬁed that how the currents injected by the WT should be during the grid fault [22].
Grid faults can be classiﬁed into two type, balanced or unbalanced. In the situation
of balanced grid fault, where the operation of the grid converter is similar to the
normal grid condition with the only diﬀerence that the current in the grid side con-
verter is increasing because of the reduction of the grid voltage amplitude. Secondly,
in the situation of unbalanced grid fault, the appearance of negative sequence has
aﬀect on the control of grid side converter.
Diﬀerent strategies can be applied to calculate the current references for a three-
phase grid connected converter delivering the same mean value of active and reactive
powers to an unbalanced grid. Some strategies which are mentioned in [1], is given
below:
1. Instantaneous Active and Reactive Control (IARC). IARC strategy performs
well under balanced condition. But the performance of IARC under unbal-
anced condition is not really acceptable [1].
2. Positive and Negative Sequence Control (PNSC). PNSC strategy performs well
under balanced and unbalanced conditions [1].
The study above shows, how important it is to detect the fundamental-frequency
positive and negative sequence component of unbalanced utility voltage during grid
faults. The information provided by the grid-voltage synchronization method is used
to design the current control strategies which lead to diﬀerent power delivery strate-
gies. So, the accurate detection of the positive- and negative-sequence components
of the utility voltage has an important role in controlling the grid-connected power
converter during and after the fault [22].
94 Three Phase Synchronous Reference Frame PLL
System
The correct detection of the positive-sequence component at the fundamental fre-
quency of the three-phase grid voltage is considered as the main task of the syn-
chronization system of a grid-connected three-phase power converter in balanced
condition [1].
The positive-sequence voltage magnitude and the angle are used for the synchro-
nization of the converter output variables, for the transformation of state variables
into rotating reference frames, power ﬂow calculation.
Two main approaches are used for detect the positive sequence component of the
utility voltage [8]:
1. Assuming the frequency of the utility is a constant and well known magnitude,
and is based on instantaneous symmetrical components (ISC), on space vector
ﬁlters (SVF), or on the recursive weighted least-square estimation algorithm
(WLSE).
2. Assuming the frequency of the utility is not constant or insensitive.
The most popular method used for frequency insensitive positive-sequence detec-
tion is the three-phase phase locked loop (PLL) based on the synchronous reference
frame (SRF-PLL). A SRF-PLL controller is suitable for a balanced system. For an
unbalanced system, a second reference frame rotating in the opposite direction is
also need to track down the negative sequence component.
4.1 Phase Locked Loop
The PLL is a closed loop system having an internal oscillator which is controlled
to keep the time of some external periodical signal by using the feedback loop. A
grid-connected power converter should phase lock its internal oscillator to some par-
ticular power grid signal for generating amplitude and phase-coherent internal signal
which is used by diﬀerent blocks in the control system. Advanced synchronous con-
trol systems based on fast and precise PLLs are applied in grid converters. PLL
provides continuous information about the phase angle and the magnitude of the
Phase Loop Voltage controlledu θˆ
detector ﬁlter oscillator
Figure 2: Basic structure of a PLL.
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fundamental grid voltage mostly, which helps to implement space vector based con-
trollers and modulators [1].
The basic structure of a PLL is shown in Fig. 2. It has three common blocks [1]:
1. The Phase Detector: The average value of its output is zero only when
the averaged each cycle of the fundamental components of the input signal u
are in phase, means they are synchronized both in phase θˆ = θ and frequency
ωˆ = ω, where θˆ and ωˆ are the phase angle and frequency detected by the PLL,
respectively.
2. The Loop Filter: This block has low pass ﬁlter (LPF) characteristics and
supply a ﬁltered control signal to the voltage controlled oscillator (VCO) and
set the dynamics of the system. Mostly this is a ﬁrst order LPF or PI controller.
3. The Voltage Controlled Oscillator (VCO): The VCO generates a signal
whose frequency varies with respect to a central frequency as a function of the
input voltage.
4.2 Basic Structure of Three Phase Synchronous Reference
Frame PLL
The proper block diagram of a three-phase PLL is shown in Fig. 3. For achieving
the synchronisation between dq reference frames with the αβ vector, a control loop
such as PLL is used use to force uq = 0. The PLL frequency and phase angle can
track the utility frequency and phase angle, respectively, by the proper design of the
loop ﬁlter [4]. Here the loop ﬁlter is a proportional-integral (PI) controller, where kp
and ki are proportional and integral gain, respectively. When the utility voltage is
balanced and sinusoidal, the αβ vector has a constant magnitude equal to the peak
of the phase voltage having a constant frequency ω. In steady state, the magnitude
of ud is equal to the peak value of the utility phase voltage and θˆ = θ. But when the
voltage is unbalanced and contains negative sequence and harmonics, the voltage
vector magnitude ud and the θˆ is not constant due to the 2ω oscillation. This is
because of the appearance of the negative-sequence of the voltage [5].
dq
ud
uq kp + ki
∫ ∫ θˆu abcαβ αβ
uα
uβ
Figure 3: Control diagram of the conventional three-phase synchronous dq frame
PLL system.
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u+q kp + ki
∫ θˆ∫
U+
θ ωˆε
Figure 4: Linearized control loop
The amplitude and angular position of the voltage vector us can be calculated
as from (9),
|us| =
√
(U+)2 + (U−)2 + 2U+U− cos(−2ωt+ φ−1) (15a)
θ = ωt+ tan−1
(
U− sin(−2ωt+ φ−1)
U+ + U− cos(−2ωt+ φ−1)
)
(15b)
4.3 Selection of the PI controller parameters
From Fig. (3), it can be seen that the feedback variable θˆ has a linear relation with
uq. From this expression, the linearized control diagram shown in Fig. 4 and this is
discussed broadly in [4],[6] and [28]. The transfer functions of the system are,
θˆ(s)
θ(s)
=
2ξPLLωPLLs+ ω
2
PLL
s2 + 2ξPLLωPLLs+ ω2PLL
(16)
ε(s)
θ(s)
=
s2
s2 + 2ξωPLLs+ ω2PLL
(17)
where control loop frequency, ωPLL =
√
U+ki ; damping constant, ξPLL =
kp
2
√
U+
ki
and from these we can calculate the value for the control loop gains kp and ki.
4.4 Performance of SRF-PLL
The SRF-PLL is built in MATLAB Simulink environment and simulated to observe
the performance in balanced and unbalanced condition. The balanced condition in-
put voltage is characterized as U+ = 100 V, U− = 0 V, φ−1 = 0 and ω = 2pi50 rad/s.
From Fig. 5(a), we can observe that in balanced condition, the PLL frequency ωˆ
and phase angle θˆ can perfectly track the utility frequency ω and θ, respectively.
For unbalanced condition, the input voltage is characterized as U+ = 100 V,
U− = 30 V, φ−1 = 0 and ω = 2pi50 rad/s and appears after 0.3 s, being the prefault
grid voltage equal to Upf = 100 V. The values for the PI controller is kp = 44.42 and
ki = 9.87×104 is selected according to [9]; which results the value for ωPLL ≈ 2pi500
rad/s and ξPLL ≈ 1/
√
2. With this higher bandwidth, the SRF-PLL almost has
uq ≈ 0 under unbalanced condition. The oscillation in the estimated values of ud
and θˆ in Fig. 5(b) shows that these values cannot be correctly determined with this
higher bandwidth. This is because of the oscillation term 2ω appears in unbalanced
12
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Figure 5: Performance of SRF-PLL under (a) balanced and (b) Unbalanced condi-
tion.
condition due to the negative sequence of the voltage, which is shown in (15a) and
(15b).
For a better estimation of ud and θˆ, the control loop bandwidth can be reduced
and LPF can be used [9]. But these techniques have limitations; the phase angle
and the positive-sequence voltage cannot be accurately detected and the dynamic
response of the system will be reduced signiﬁcantly. But the grid condition requires
the accurate detection of the grid parameters and excellent dynamic response like
dynamic voltage restorers (DVR) under unbalanced conditions, conventional SRF-
PLL technique is not the appropriate solution for the control of power converters.
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5 Decoupled Double Synchronous Reference Frame
PLL for Power Converter Control
Decoupled double synchronous reference frame PLL (DDSRF-PLL) technique has
the ability of fast and accurate detection of the positive-sequence component of
an unbalanced voltage vector having both positive- and negative-sequence compo-
nent, which later expresses on the double synchronous reference frame (DSRF) for
detecting the positive-sequence component [8].
5.1 Double Synchronous Reference Frame
In Double synchronous reference frame PLL system, the us in (6) projected on two
diﬀerent rotating reference frames. The ﬁrst one is dq+ reference frame rotating with
ωˆ frequency is synchronized with us+ and second one is dq
− reference frame rotating
with −ωˆ frequency is synchronized with us− [6]. Fig. 6 shows the synchronous double
reference frame (SDRF) and the representation of voltage vectors with the reference
axes. The expression us on these reference frames is,
u+ =
[
u+d
u+q
]
= [T+dq]u
s (18a)
u− =
[
u−d
u−q
]
= [T−dq]u
s (18b)
ωˆ −ωˆ
−ωˆ
ωˆω
−ω
θ
−θ
θˆ
−θˆ
β
α
u+d
u−d
u+q
us+
us−
u−q
Figure 6: SDRF. Representation of voltage vectors with the reference axes.
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where the superscript `+' represent the vectors rotating with a positive angular
frequency ω and `−' represent the vectors rotating with a negative angular frequency
−ω, respectively. The synchronous transformation matrices [T+dq] and [T−dq] are,
[T+dq] =
[
cos θˆ sin θˆ
− sin θˆ cos θˆ
]
(19a)
[T−dq] =
[
cos θˆ − sin θˆ
sin θˆ cos θˆ
]
(19b)
where θˆ =
∫
ωˆdt holds during transients.
Now from (9), (18a), (18b), (19a) and (19b) we get,
u+d = U+ cos(ωt− θˆ) + U− cos(−ωt+ φ−1 − θˆ) (20a)
u−d = U+ cos(ωt+ θˆ) + U− cos(−ωt+ φ−1 + θˆ) (20b)
u+q = U+ sin(ωt− θˆ) + U− sin(−ωt+ φ−1 − θˆ) (21a)
u−q = U+ sin(ωt+ θˆ) + U− sin(−ωt+ φ−1 + θˆ) (21b)
we can express (20a) to (21b) in matrices as,
u+ =
[
u+d
u+q
]
= U+
[
cos(ωt− θˆ)
sin(ωt− θˆ)
]
+ U−
[
cos(−ωt+ φ−1 − θˆ)
sin(−ωt+ φ−1 − θˆ)
]
(22a)
u− =
[
u−d
u−q
]
= U+
[
cos(ωt+ θˆ)
sin(ωt+ θˆ)
]
+ U−
[
cos(−ωt+ φ−1 + θˆ)
sin(−ωt+ φ−1 + θˆ)
]
(22b)
By the correct tuning of the control loop, the estimated angle θˆ of the positive
sequence voltage vector should be equal to the real angle of this vector, θ. So,
θˆ =
∫
ωˆdt ≈ θ = ∫ ωdt will result the following voltages from (20a) and (20b),
u+d = U+ + U− cos(−2ωt+ φ−1) (23a)
u−d = U+ cos(2ωt) + U− cos(φ
−1) (23b)
where (−ωt − φ−1 − θˆ) ≈ (−2ωt − φ−1) and cos(ωt − θˆ) ≈ 1 approximations has
been made. Now from (21a) and (21b),
u+q = U− sin(−2ωt+ φ−1) (24a)
u−q = U+ sin(−2ωt+ φ−1) + U− sin(φ−1) (24b)
where (−ωt−φ−1− θˆ) ≈ (−2ωt−φ−1) and sin(ωt− θˆ) ≈ 0 approximations has been
made. Now (22a) and (22b) will be respectively,
u+ =
[
u+d
u+q
]
= U+
[
1
0
]
︸ ︷︷ ︸
dc terms
+U−
[
cos(−2ωt+ φ−1)
sin(−2ωt+ φ−1)
]
︸ ︷︷ ︸
ac terms
(25a)
u− =
[
u−d
u−q
]
= U+
[
cos(2ωt)
sin(2ωt)
]
︸ ︷︷ ︸
ac terms
+U−
[
cos(φ−1)
sin(φ−1)
]
︸ ︷︷ ︸
dc terms
(25b)
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In (25a) and (25b), the dc values on the u+ and the u− axes depends on the ampli-
tude of U+ and U−, respectively. The term 2ω represents the oscillation as a result
of coupling between two axes; because the vectors are rotating in opposite direction.
This oscillation is acting as a perturbation for the detection of U+ and U−. These
oscillations can be attenuated by using traditional ﬁltering techniques. But the grid
condition requires high accuracy and excellent dynamic response like dynamic volt-
age restorers (DVR) under unbalance, conventional SRF-PLL technique is not an
appropriate solution for the control of power converters.
5.2 The Decoupling Network
A voltage vector us having two generic components rotating with nω and mω fre-
quencies respectively, where n and m can be either positive or negative and ω is the
fundamental frequency can be expressed as,
us = usn + u
s
m = Un
[
cos(nωt+ φn)
sin(nωt+ φn)
]
+ Um
[
cos(mωt+ φm)
sin(mωt+ φm)
]
(26)
Two rotating reference frames, dqn reference frame with angular position nθˆ will be
synchronized with usn and second one is dq
m reference frame with angular position
mθˆ will be synchronized with usm. By the feasible tuning of the control loop, a
perfect synchronization of the PLL is possible; where θˆ =
∫
ωˆdt and the reference
frames can be written as,
un =
[
und
unq
]
=
[
und
unq
]
+
[
u˜nd
u˜nq
]
= Un
[
cosφn
sinφn
]
︸ ︷︷ ︸
dc terms
+Um cosφ
m
[
cos(n−m)ωt
− sin(n−m)ωt
]
+ Um sinφ
m
[
sin(n−m)ωt
cos(n−m)ωt
]
︸ ︷︷ ︸
ac terms
(27)
um =
[
umd
umq
]
=
[
umd
umq
]
+
[
u˜md
u˜mq
]
= Um
[
cosφm
sinφm
]
︸ ︷︷ ︸
dc terms
+Un cosφ
n
[
cos(n−m)ωt
sin(n−m)ωt
]
+ Un sinφ
n
[ − sin(n−m)ωt
cos(n−m)ωt
]
︸ ︷︷ ︸
ac terms
(28)
From (27) and (28) it is clearly seen that the amplitude of ac terms in dqn depends
on the dc terms of the signal on the dqm axes and vice versa. For cancelling out
the oscillating term in the dqn axes, the decoupling cell in Fig. 7 can be used [8].
Also, For cancelling out the oscillating term in the dqm axes, decoupling cell in Fig.
8 can be used, which is similar to the Fig. 7 but only the position of m and n needs
to be interchanged. Now, for estimating the dc values of the positive and negative
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uˆnd
θˆ
und
sincos
n−m
umd u
m
q
uˆnq
Decopling Cell for
dqn axis
unq
Figure 7: Decoupling cell for cancelling the oscillation on dqn axes.
reference frames, a cross-feedback decoupling network can be used as shown in Fig.
9. The LPF block is a low pass ﬁlter can be represented as [8],
LPF (s) =
ωf
s+ ωf
(29)
where, ωf =
ω√
2
is the cut-oﬀ frequency of the LPF and the value of ωf is selected
according to the analysis in [8].
The equations for both decoupling cells can be written as,
und =
ωf
s+ ωf
(und − umd cos(n−m)θˆ − umq sin(n−m)θˆ) (30a)
unq =
ωf
s+ ωf
(unq + u
m
d sin(n−m)θˆ − umq cos(n−m)θˆ) (30b)
umd =
ωf
s+ ωf
(umd − und cos(n−m)θˆ + unq sin(n−m)θˆ) (30c)
umq =
ωf
s+ ωf
(umq − und sin(n−m)θˆ − unq cos(n−m)θˆ) (30d)
Now considering an unbalance voltage during a grid fault, consisting of positive and
negative sequence components at fundamental frequency, where n = 1 and m = −1,
(26) can be represented as,
us = us+1 + u
s
−1 = U+1
[
cos(ωt+ φ+1)
sin(ωt+ φ+1)
]
+ U−1
[
cos(−ωt+ φ−1)
sin(−ωt+ φ−1)
]
(31)
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θˆ
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und u
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dqm axis
umq
Figure 8: Decoupling cell for cancelling the oscillation on dqm axes
Then (27) will be,
u+1 = U+1
[
cosφ+1
sinφ+1
]
+ U−1 cosφ−1
[
cos 2ωt
− sin 2ωt
]
+ U−1 sinφ−1
[
sin 2ωt
cos 2ωt
]
= U+1
[
cosφ+1
sinφ+1
]
+ U−1
[
cos 2ωt sin 2ωt
− sin 2ωt cos 2ωt
] [
cosφ−1
sinφ−1
]
(32)
Decopling Cell for
dq+1 axis
θˆ
θˆ
Decopling Cell for
dq−1 axis
LPF
LPF
LPF
LPF
u−1d
u+1d
u−1q
u+1q
uˆ+1d
uˆ−1d
uˆ−1q
uˆ+1q
u+1d
u−1d
u−1q
u+1q
Figure 9: Decoupling network of dqn and dqm reference frames.
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θˆ
θˆ
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∫
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∫
uˆ+1d
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abc
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Figure 10: Block diagram of the decoupled double synchronous reference frame PLL
(DSRF-PLL).
and (28) will be,
u−1 = U−1
[
cosφ−1
sinφ−1
]
+ U+1 cosφ
+1
[
cos 2ωt
sin 2ωt
]
+ U+1 sinφ
+1
[ − sin 2ωt
cos 2ωt
]
= U−1
[
cosφ−1
sinφ−1
]
+ U+1
[
cos 2ωt − sin 2ωt
sin 2ωt cos 2ωt
] [
cosφ+1
sinφ+1
]
(33)
(30a), (30b), (30c) and (30d) can be written as respectively where θˆ =
∫
ωˆdt,
u+1d =
ωf
s+ ωf
(u+1d − u−1d cos 2ωt− u−1q sin 2ωt) (34a)
u+1q =
ωf
s+ ωf
(u+1q + u
−1
d sin2ωt− u−1q cos2ωt) (34b)
u−1d =
ωf
s+ ωf
(u−1d − u+1d cos2ωt+ u+1q sin2ωt) (34c)
u−1q =
ωf
s+ ωf
(u−1q − u+1d sin2ωt− u+1q cos2ωt) (34d)
The decoupling network in Fig. 10 completely cancels out the double frequency
oscillations at 2ω on the dq+1 and dq−1 reference frame signals; the control loop
bandwidth is no need to be reduced and the real amplitude of the unbalanced input
voltage sequence components can be exactly detected [1]. With these decoupling
networks, the signal with frequency 2ω does not arrive in the PI controller input,
and hence the system bandwidth can be increased for achieving a better dynamic
behavior.
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6 Second-order Generalized Integrator Frequency
Locked Loop (SOGI-FLL)
PLL technique based on SRF has become a conventional way for grid synchroniza-
tion. The response of the SRF-PLL is not really acceptable during unbalanced fault
condition, because of the appearance of negative sequence in the voltage. As a result,
the SRF-PLL method has been modiﬁed with diﬀerent synchronization technique.
Nevertheless, the dynamic response of the PLL method can be sensitive during a
fault, as the phase angle jumps in the voltage at the PCC and PLL is synchronized
with phase angle. For avoiding this phenomenon, a technique based on the frequency
locked loop (FLL) is a substantial solution [9]. The FLL estimates the frequency of
an input signal, which is not aﬀected by sudden phase angle changes and might be
advantageous than PLL based algorithms in that case.
The FLL technique is based on the second-order generalized integrator (SOGI),
which works as a processing block of an adaptive ﬁlter. The SOGI is self tuned by
the means of a FLL and together as a grid synchronization system, is called SOGI-
FLL [9]. Control algorithm of a SOGI-FLL mainly combines with these following
concepts.
1. Adaptive ﬁlter (AF)
2. Generalized integrator (GI)
3. Second-order generalized integrator (SOGI)
4. Frequency locked loop (FLL)
6.1 Generalized Integrator (GI)
The GI is the base of proportional-resonant (PR) controllers. The basic function of
a PR controller is to introduce an inﬁnite gain at a selected resonant frequency for
eliminating the steady-state error at that frequency, which is conceptually similar to
an integrator whose inﬁnite dc gain forces the dc steady-state error to zero. So the
resonant part of the PR controller can be called as a generalized integrator (GI) [15].
Time domain convolution product of a sinusoidal function by itself gives rise to
a sinusoidal term multiplied by the time variable. Output contains not only the in-
tegration of the input, but also an additional negligible component. Fig. 11 shows a
generalized integrator for a single sinusoidal signal in part (a) and the corresponding
stationary-frame generalized integrator in part (b), which works without regard to
the sequence between the α-axis signal and the β-axis signal [14].
Generalized integrator (GI) has the ability to generate a set of in-quadrature sig-
nal orthogonal to each other, known as, quadrature signals generator (QSG). These
can be used to estimate the rms value of the grid voltage and current for calculate
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u(t) = Usin(ωt+ φ) y(t) = Usin(ωt+ φ)t+ Usinφ
ω
sinωt2s
s2 + ω2
(a)
uα(t) = Uαsin(ωt+ φα) yα(t) = Uαsin(ωt+ φα)t+
Uαsinφα
ω
sinωt2s
s2 + ω2
uβ(t) = Uβsin(ωt+ φβ) yβ(t) = Uβsin(ωt+ φβ)t+
Uβsinφβ
ω
sinωt2s
s2 + ω2
(b)
Figure 11: (a) The generalized integrator for a single sinusoidal signal (b) The corre-
sponding stationary-frame generalized integrator. The stationary-frame generalized
integrator works without regard to the sequence between the α-axis signal and the
β-axis signal.
the active and reactive power references and also for calculate the positive- and
negative-sequence components in three phase systems.
6.2 AF based on SOGI
A single frequency adaptive noise canceller based on an adaptive ﬁlter (AF) in the
continuous time domain is shown in Fig. 13. The AF portion of this Fig. 13 is
similar to Fig. 12, which is presented in [16]. The idea of this construction in Fig.
12 is based on product demodulation method [16], which is related to traditional
Park's transformation for three phase systems and its fundamentals are well known
in spectrum analysis theory. Here the signal is multiplied by reference sine and
cosine waveforms which shift any harmonic content at that frequency to dc and the
double-frequency. The integrators in Fig. 12 does double role of providing integral
action and ﬁltering the double-frequency components for the demodulated signal.
sin
ε
uˆ
uq
ud
cos
∫
∫
de-modulator
de-modulator
modulate
modulate
Figure 12: Demodulating single-phase integral block.
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In Fig. 13 it is evident that the auxiliary signal ωˆ is responsible for setting the
frequency of the sinusoidal interference to be cancelled from the primary input signal
u. In this system, ωˆ is taken as the reference signal and frequency to be ﬁltered.
ud and uq signals of Fig. 13 can be written as, which is similar as the mathe-
matical expression (Euler's relation) for Fig. 12.
ud = kεu cos ωˆt =
1
2
kεu
[
ejωˆt + e−jωˆt
]
(35)
ud = kεu sin ωˆt =
1
j2
kεu
[
ejωˆt − e−jωˆt] (36)
where εu is synchronization error signal. Let h = kεu. Ad and Aq in Fig. 13
corresponds to the output of the integrators for uˆd and uˆq respectively, can be
expressed in Laplace domain as [1],
Ad(s) =
1
s
ud(s) =
1
2
[h(s+ jωˆt) + h(s− jωˆt)] (37)
Aq(s) =
1
s
uq(s) =
1
j2
[h(s+ jωˆt) + h(s− jωˆt)] (38)
The Laplace transformation of uˆd and uˆq can be written as,
uˆd(s) =
1
2
[Ad(s+ jωˆt) + Ad(s− jωˆt)]
=
1
4(s+ jωˆ)
[h(s) + h(s+ 2jωˆ)] +
1
4(s− jωˆ) [h(s) + h(s− 2jωˆ)]
(39)
uˆq(s) =
1
2j
[Aq(s+ jωˆt)− Aq(s− jωˆt)]
=
1
4(s+ jωˆ)
[h(s)− h(s+ 2jωˆ)] + 1
4(s− jωˆ) [h(s)− h(s− 2jωˆ)]
(40)
sin
εu
uˆ
uˆq
uˆd
cos
∫
∫k
ωˆt∫
u
ωˆ
uq
ud
Aq
Ad
Adaptive Filter
kεu
Figure 13: Single-frequency adaptive noise canceller.
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Now if we add (39) and (40), we will get the output uˆ as,
uˆ(s) = uˆd(s) + uˆq(s) =
s
s2 + ωˆ2
h(s) (41)
If uˆ and kεu are the output and input signal respectively, then the transfer function
for AF structure in Fig. 13 can be written as,
AF (s) =
uˆ
kεu
(s) =
s
s2 + ωˆ2
(42)
Now we can see that the transfer function of (42) matches the transfer function
of Fig.11 which is a GI for sinusoidal signals. Another feature of the system of Fig.
13 is that this system can be used as a quadrature signal generator (QSG) by just
adding a scaled integrator at the output of it which will generate another signal with
900 phase shift.
Fig. 14 shows an AF based on a GI. The ﬁltering structures in Fig. 13 and Fig.
14 are equivalent and both will give the same dynamic performance when working
as an adaptive noise canceller.
The transfer function of two in-quadrature output signals of the AF in Fig. 14
can be written as,
D(s) =
uˆ
u
(s) =
ks
s2 + ks+ ωˆ2
(43)
Q(s) =
quˆ
u
(s) =
kωˆ2
s2 + ks+ ωˆ2
(44)
where ωˆ is the tuning frequency; k is the damping factor of the ﬁlter; uˆ and quˆ are
the in-phase and in-quadrature signals of the input u with a phase shift of 90o. The
component uˆ has the same phase and magnitude as the fundamental of the input
signal u.
As we can see from the transfer functions of (43) and (44), the bandwidth of the
band-pass ﬁlter given by (43) and the steady-state gain of low-pass ﬁlter given by
εu ∫
∫
k
u
ωˆ2
kεu uˆ
GI
quˆ
Figure 14: Structure of AF based on GI.
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(44) are not only a function of the gain k, but also depend on the center frequency
of the ﬁlter ωˆ which is the resonance frequency of the GI [9].
A solution for this kind of problem was addressed by Mojiri et al. in [17]. Using
the same method, here we can multiply the input signal u by ωˆ2 and the feedback
signal uˆ by ωˆ. This is shown in Fig. 15 and the transfer functions from the ﬁgure
are,
D(s) =
uˆ
u
(s) =
kωˆ2s
s2 + ks+ ωˆ2
(45)
Q(s) =
quˆ
u
(s) =
kωˆ4
s2 + ks+ ωˆ2
(46)
From (45) and (46) we can see that they are independent of the center frequency
ωˆ which is set by the gain k. But in the case of ωˆ = ω, the amplitude of both uˆ
and quˆ will not match with the amplitude of input u. For solving this problem an
alternative solution was presented by Mojiri et al. in [18], which is shown in Fig.
16. We can write the transfer functions as below,
D(s) =
uˆ
u
(s) =
kωˆs
s2 + ks+ ωˆ2
(47)
Q(s) =
quˆ
u
(s) =
kωˆ2
s2 + ks+ ωˆ2
(48)
From (47) and (48) we can see that the bandwidth of the AF depends only on
the gain k. Also the amplitude of two in-quadrature signals uˆ and quˆ will be the
same as the amplitude of the signal u, when ωˆ = ω.
Fig. 16 is looking quite complicated by structure and the detected frequency ωˆ
need to be squared. So after some modiﬁcation of the AF structure, a new structure
is shown in Fig. 17 [20]. It also exhibits the same dynamic response and transfer
functions. This new sinusoidal integrator is called SOGI and have the ability to
εu ∫
∫
k
u
ωˆ2
kεu uˆ
GI
quˆ
ω
ωˆ2
Figure 15: Structure of AF based on GI with a bandwidth independent of the
frequency ωˆ.
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εu ∫
∫
k
u
ωˆ2
kεu uˆ
GI
quˆ
ω
ωˆ
Figure 16: Structure of AF based on GI with a bandwidth independent of the
frequency ωˆ and normalized output amplitude.
work as a QSG [19]. The transfer function for SOGI is given below, which is similar
as (42) and the transfer functions shown in Fig. 11.
SOGI(s) =
uˆ
kεu
(s) =
ωˆs
s2 + ωˆ2
(49)
6.3 SOGI Frequency-Locked Loop
The natural resonant characteristic of the SOGI makes itself work as a VCO. This
phenomenon gives a idea of designing a simple control loop to auto-adapt the center
frequency of the SOGI resonator to the input frequency. This is the main idea of
introducing the frequency-locked loop (FLL) [1]. The center frequency ωˆ of the
structures in Fig. 17 should be adapted to the frequency of the input signal ω for
generating a balanced set of in-quadrature outputs with the same amplitudes. In
order to make the SOGI structure auto-tunable, analysis of the error signal εu is
needed to regulate the center frequency ωˆ. The transfer function from the input
signal u to the error signal εu can be written as,
E(s) =
εu
u
(s) =
s2 + ωˆ2
s2 + kωˆs+ ωˆ2
(50)
εu ∫
∫
k
u kεu uˆ
SOGI
quˆ
ωˆ
Figure 17: Structure of the SOGI.
25
The transfer function in (50) of Fig. 17 respond to a second order notch ﬁlter,
with zero gain at the center frequency. The Bode diagrams of (50) for E(s) (which
is similar to a bode diagram of a second order notch ﬁlter) and (48) for Q(s) are
shown in Fig. 18. Here the signal εu and quˆ are in phase when the input frequency
ω is lower than the SOGI resonance frequency ωˆ, is that ω < ωˆ and they are in
counter-phase when ω > ωˆ. Now, if we deﬁne a frequency error variable εf , which
is the product of εu and quˆ, then, the average value of εf is positive for ω < ωˆ, zero
for ω = ωˆ and negative for ω > ωˆ , which is also shown in Fig. 18.
According to the behavior of εf with ω and ωˆ, an integral controller with a neg-
ative gain −γ can be used to cancel the dc component of εf by shifting the SOGI
resonance frequency ωˆ which is shown in Fig. 19. After that if we add this integral
value (which can be either positive or negative, depending on the changes of fre-
quency) with the nominal value of the grid frequency as a feed-forward variable ωff ,
then we will get ωˆ and it will match the input frequency ω by this synchronization
process.
This unique combination of the SOGI and the FLL together, which is shown in
Fig. 19, gives a single-phase grid synchronization system known as SOGI-FLL [9].
Here in the SOGI-FLL, the input frequency is directly detected by the FLL, while
the estimation of the phase angle and the amplitude of the input 'virtual vector' uˆ
can be indirectly calculated as,
|uˆ| =
√
(uˆ)2 + (quˆ)2 (51a)
∠uˆ = arctan quˆ
uˆ
(51b)
εu
Figure 18: Bode diagram of the FLL input variables. [9].
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6.4 Calculation of the Parameters for Tuning the SOGI-FLL
The performance and dynamical response of the SOGI-FLL depends mainly on the
accurate selection of the control parameters k and γ, which will satisfy the design
speciﬁcations. In this section, the equations of the SOGI-FLL will be analysed in
order to ﬁnd the appropriate values for k and γ for achieving the desired perfor-
mance in the detection of the amplitude and frequency of the input signal.
From Fig. 19, we can identify the state description matrices simply by inspection;
this is possible because when the output of an integrator is a state variable, the
input of that integrator is the derivative of that variable [21]. So, from Fig. 19, the
equation for the ﬁrst state variable is,
x˙1 = −kωˆx1 − ωˆ2x1 + kωˆu (52)
Continuing in this way, we get
x˙2 = x1 (53a)
uˆ = x1 (53b)
quˆ = ωˆx2 (53c)
(52), (53a), (53b) and (53c) can be rewritten in the matrix form as state-space
εu ∫
∫
k
u kεu uˆ
SOGI
quˆ
ωˆ
ωff
FLL
AF
−γ ∫εf ˙ˆω x3
x˙2x2
x˙1 x1
Figure 19: Single-phase grid-synchronization system based on SOGI-FLL.
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equations,
x˙ =
[
x˙1
x˙2
]
= Ax + Bu =
[ −kωˆ −ωˆ2
1 0
] [
x1
x2
]
+
[
kωˆ
0
]
u (54a)
y =
[
uˆ
quˆ
]
= Cx =
[
1 0
0 ωˆ
] [
x1
x2
]
(54b)
˙ˆω = −γx2ωˆ(u− x1) (54c)
where x and y are the SOGI state and output vectors respectively and the state
equation describing the behaviour of the FLL is shown in (54c). For symbolic
notation, matrices are shown by the use of bold type. Now, if we consider normal
operating conditions, which gives ˙ˆω = 0 and ω = ωˆ and x1 = u, then (54a) can be
rewritten as,
x˙ =
[
x˙1
x˙2
]
=
[
0 −ωˆ2
1 0
] [
x1
x2
]
(55)
where the steady-state variables are identiﬁed by a bar over. The eigenvalues of
the Jacobian, which can be obtained from (55), are complex conjugate with a null
real part, ensure the resonant behaviour of the system, as the steady-state response
remains in a periodic orbit at the ωˆ frequency. So, if u = U sin(ωt + φ) is an input
signal, the steady state output vector will be,
y =
[
uˆ
quˆ
]
= U
[
sin(ωt+ φ)
− cos(ωt+ φ)
]
(56)
6.4.1 Tuning of SOGI
The value of gain k can be selected from (57), which is shown from an analysis in
[9]:
tSOGI =
10
kωˆ
(57)
where tSOGI is the settling time for SOGI. From (57), we can see that the higher
the value k, the faster the response of the SOGI. The value of k also aﬀects the
bandwidth of the SOGI; the higher value k would make the performance of SOGI
fast but reducing its immunity in the case of harmonics on the input, and a lower
value of k can cause a very long undamped transient response of the SOGI. So,
considering all the circumstances and after a signal analysis in [9], the value is
selected as k =
√
2. It is worth mentioning that the gain k =
√
2 say indirectly a
damping factor ξ = 1√
2
, which roughly results in an ideal relationship between the
settling time and overshooting in the dynamic response.
6.4.2 Tuning of FLL
The input signal of SOGI is assumed sinusoidal at the frequency ω and even in the
case of ω 6= ωˆ, the state variables of SOGI-QSG have the following relationship [11],
x˙1 = −ω2x˙2 (58)
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∫ ωˆ
Γ
ω
Figure 20: Simpliﬁed frequency adaption system of FLL.
Now the steady-state synchronization error signal can be written as from (54a),
εu = u− x˙1 = 1
kωˆ
(x˙1 + ωˆ
2x2) (59)
From (58) and (59), the steady-state frequency error signal εf can be written as,
εf = ωˆx2εu =
x22
k
(ωˆ2 − ω2) (60)
Expression (60) shows that the signal εf collects information about error in fre-
quency estimation, and hence, it is suitable to act as the control signal of the FLL.
Nevertheless, expression (60) is highly nonlinear, which means linear control anal-
ysis techniques cannot directly be applied to set the value of the FLL gain, γ. As
demonstrated in [25], the averaged dynamics of the FLL with ω ≈ ωˆ can be written
as,
˙ˆω = −γU
2
kωˆ
( ˙ˆω − ω) (61)
Equation (61) shows the relationship between the dynamic response of the FLL, the
SOGI-QSG gain and the parameters of input signal. From (61), the value of γ can
be normalized as shown in (62) by using feedback variables [25]. This gives a ﬁrst-
order linearized frequency adaptive system, which does not dependent on neither
the grid variables nor the SOGI-QSG gain and shown in Fig. 20.
γ = −kωˆ
U2
Γ (62)
εu quˆ ωˆ
ωff
FLL
−Γ ∫εf x3
kωˆ
uˆ2 + quˆ2
Figure 21: SOGI-FLL with FLL gain normalization
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The transfer function of the ﬁrst-order frequency adaptation loop of Fig. 20 can be
written as,
ωˆ
ω
= − Γ
s+ Γ
(63)
So, the settling time is purely depend on Γ and can be calculated by [21] as,
tFLL =
5
Γ
(64)
feedback-based linearized FLL is shown in Fig. 21. In this system, the FLL gain is
adjusted in runtime by feeding back the estimated grid operating conditions, which
conﬁrms constant settle time in grid frequency estimation independently of input
signal characteristics.
A simulation analysis in [9] shows that for Γ = 50 give the settling time tFLL =
100 ms with the error is within 5% just after 20 ms, which is acceptable and will be
used for the simulation in this thesis.
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7 Double Second-order Generalized Integrator Fre-
quency Locked Loop (DSOGI-FLL)
In previous section, SOGI-FLL single-phase algorithm has been modeled and tuned
accordingly. In this section, SOGI-FLL will be modelled for three-phase grid syn-
chronization applications and called as DSOGI-FLL. This synchronization algorithm
allows estimating of the instantaneous symmetrical components of the grid voltage
in the αβ domain and also the frequency value.
7.1 Positive- and Negative-sequence Calculation on the αβ
Reference Frame
The instantaneous positive- and negative-sequence voltage components on the αβ
reference frame can be calculated by using Lyon's transformations, which is pre-
sented in [26]:
us+ = [Tαβ]u+
= [Tαβ] [T+]u
= [Tαβ] [T+] [Tαβ]
T us
=
1
2
[
1 −q
q 1
]
us (65)
us− = [Tαβ]u−
= [Tαβ] [T−]u
= [Tαβ] [T−] [Tαβ]
T us
=
1
2
[
1 q
−q 1
]
us (66)
where [T+] and [T−] are deﬁned as:
[T+] =
 1 a a2a2 1 a
a a2 1
; [T−] =
 1 a2 aa 1 a2
a2 a 1

here a = e−j(2pi/3); and q = e−j(pi/2) is a 90◦ lagging phase-shifting operator applied
on the time domain to obtain an in-quadrature version of the input waveforms.
7.2 Structure of DSOGI-FLL
The structure of DSOGI-FLL is shown in Fig. 22, where symbols with `hat' express
the estimated value from the system. This unique three-phase grid synchronization
system in αβ domain is modelled with the help of Lyon's transformation, which
is shown in (65) and (65). Here in Fig. 22, two SOGIs are needed to compute
the symmetrical components in a three-phase application, one for α and another
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∫k
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quˆα
ωˆ
AF
εu,β ∫
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SOGI
quˆβ
AF
uabc us
αβ
abc
FLL
−Γ ∫
εf,α
kωˆ
(uˆα)
2 + (quˆβ)
2
uβ
εu,α
εu,α
εu,β
εu,β
quˆα
quˆβ
ωˆ
ωff
u+uˆs+ αβ
abc
αβ
abc
uˆs− u−
1
2
1
2
1
2
1
2
quˆβ
ωˆ
εf,β
uˆβ
uˆ+α
uˆ+β
uˆ−β
uˆ−α
PNSC
Figure 22: Structure of DSOGI-FLL.
for β. Here two SOGIs are in parallel to give the signal to a positive/negative se-
quence calculation (PNSC) block to perform the transformation in (65) and (65) [9].
In previous section, SOGI has an independent FLL for frequency estimation.
Here for DSOGI implementation, we have two SOGIs and we can use only one FLL
for frequency estimation as the frequency of both uα and uβ signals are always the
same. The FLL gain normalization of DSOGI-FLL is done accordingly as for the
SOGI-FLL. Here we can see from Fig. 22 that the gain is normalized by squaring
the amplitude of both positive-sequence component as u+α
2 and u+β
2
, which gives a
ﬁrst-order linearized system and have the same response as in (64).
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8 Performance of DDSRF-PLL and DSOGI-FLL in
Diﬀerent Grid fault Condition
In previous sections, grid synchronization method based on DDSRF-PLL and DSOGI-
PLL has been developed. In this section, the performance of DDSRF-PLL and
DSOGI-FLL will be compared in diﬀerent grid fault conditions. For the compar-
ison, both DDSRF-PLL and DSOGI-FLL are simulated with same characterized
input voltage. DDSRF-PLL and DSOGI-FLL synchronization algorithms are mod-
elled by using Matlab Simulink.
8.1 Performance Under Unbalanced Voltage Condition
For unbalanced condition, the input voltage is characterized as U+ = 100 V, U− = 30
V, φ−1 = 0 and ω = 2pi50 rad/s and appears after 0.5 s, being the prefault grid volt-
age equal to Upf = 100 V. The values for the PI controller parameters are kp = 2.22
and ki = 246.7, are selected according to [9]; which results ξPLL ≈ 1/
√
2 and the
control loop bandwidth is reduced to ωPLL ≈ 2pi25 rad/s. Fig. 23(a) shows the
performance of DDSRF-PLL and Fig. 23(b) shows the performance of and DSOGI-
FLL. Here in Fig. 23, the estimated positive- and negative-sequence voltage, phase
angle and frequency are shown. Both DDSRF-PLL and DSOGI-FLL can perfectly
track the unbalanced grid components within 20 ms or in one utility period. The
performance of both DDSRF-PLL and DSOGI-FLL are acceptable in this case.
8.2 Performance Under Harmonic-distorted Condition
For evaluating the performance of DDSRF-PLL and DSOGI-FLL under severe util-
ity harmonic-distorted condition, an unbalanced ﬁfth harmonic component charac-
terized as U+5 = 10 V, U−5 = 10 V, is added to the utility voltage with the previous
characterization as in section 8.1. The control parameters are selected as kp = 2.22
and ki = 246.7. Fig. 24(a) shows the performance of DDSRF-PLL and Fig. 24(b)
shows the performance of and DSOGI-FLL. Here we can see that the estimation of
the phase angle of the positive-sequence voltage is quite accurate for DDSRF-PLL
regardless of the distorted utility voltages. This is because the oscillation in phase
angle is attenuated as a consequence of the low-pass characteristic of (16) and the
parameters are set as ωPLL ≈ 2pi25 rad/s and ξPLL ≈ 1/
√
2.
The negative-sequence estimation of the voltage for DDSRF-PLL and DSOGI-
FLL are disturbed due to the voltage harmonic pollution. The frequency estimation
of the DDSRF-PLL is also disturbed due to the voltage harmonic pollution. Mean-
while, the frequency estimation of the DSOGI-FLL does not have much oscillation,
because of the adaptive ﬁltering characteristics of DSOGI-FLL. This shows that
DDSRF-PLL cannot perform accurately under harmonic-distorted grid voltage and
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DSOGI-FLL shows better performance in the case of frequency estimation.
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Figure 23: Performance of (a)DDSRF-PLL and (b) DSOGI-FLL under unbalanced
condition. Unbalanced grid parameters: U+ = 100 V, U− = 30 V, ω = 50 Hz.
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Figure 24: Performance of (a)DDSRF-PLL and (b) DSOGI-FLL under harmonic-
distorted condition. Unbalanced grid parameters: U+ = 100 V, U− = 30 V, U+5 =
10 V, U−5 = 10 V, ω = 50 Hz.
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8.3 Performance with Jumps in the Grid-voltage Amplitude
and Frequency
DDSRF-PLL and DSOGI-FLL are tested with an unbalanced grid voltage, aﬀected
by jumps in the grid-voltage amplitude and frequency. In this case, the positive-
and the negative-sequence voltage phasors of the grid voltage are U+ = 50 V, U−
= 25 V, frequency changes from ω = 50 Hz to ω = 45 Hz under fault conditions,
being the prefault grid voltage equal to Upf = 100 V. The tuning parameters of the
DSOGI-FLL are set to k =
√
2 and Γ = 50, as justiﬁed in Section 6. The con-
trol parameters for DDSFRF-PLL are selected as Kp = 2.22 and ki = 246.7 to get
ωPLL ≈ 2pi25 rad/s and ξPLL ≈ 1/
√
2. The unbalanced condition or fault appears
after 0.05 s from balanced condition.
Fig. 25(a) shows the performance of DDSRF-PLL and Fig. 25(b) shows the
performance of and DSOGI-FLL. The positive- and negative-sequence components
estimated by the DDSRF-PLL are almost similar to the ones obtained with the
DSOGI-FLL. The detection of the grid frequency in the DDSRF-PLL is not as good
as the one achieved with the DSOGI-FLL. The DDSRF-PLL has a small overshoot
in the estimated frequency. From the results presented in this example, it can be
said that both DDSRF-PLL and DSOGI-FLL give almost similar result except the
overshoot in the frequency estimation obtained with DDSRF-PLL.
8.4 Performance Under Voltage Sags and Phase Angle jump
Both DDSRF-PLL and DSOGI-FLL are simulated under all the classiﬁed voltage
sags from A-G mentioned in section 2.3 with D = 0.5∠0◦. The performance of
both DDSRF-PLL and DSOGI-FLL are almost similar to each other in all the cases
and they can accurately estimate the positive- and negative-sequence voltage, phase
angle and frequency of the unbalanced systems.
It is said earlier in section 6, that FLL estimates the frequency of an input
signal, which is not aﬀected by sudden phase angle changes and might be advanta-
geous then PLL based algorithms in that case. To verify this, a voltage sag type
C with D = 0.5∠−30◦ is applied on DDSRF-PLL and DSOGI-FLL. In this case,
the positive- and the negative-sequence voltage phasors of the grid voltage are U+
= 73∠−9.9◦ V, U− = 25∠23.8◦ V, frequency ω = 50 Hz, being the prefault grid
voltage equal to Upf = 100 V. The tuning parameters of the DSOGI-FLL are set to
k =
√
2 and Γ = 50 and for DDSFRF-PLL are selected as kp = 2.22 and ki = 246.7
to get ωPLL ≈ 2pi25 rad/s and ξPLL ≈ 1/
√
2. The unbalanced condition or fault
appears after 0.05 s from balanced condition.
Fig. 26(a) and 26(b) shows the performance of DDSRF-PLL and DSOGI-FLL,
respectively. We can see that both DDSRF-PLL shows slow dynamics and oscil-
lation for detecting the positive- and negative sequence voltage. DDSRF-PLL also
cannot perfectly detect the phase angle of the positive sequence and as a result it
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Figure 25: Performance of (a)DDSRF-PLL and (b) DSOGI-FLL with jumps in the
grid-voltage amplitude and frequency. Unbalanced grid parameters: U+ = 50 V, U−
= 25 V, frequency changes from ω = 50 Hz to ω = 45 Hz.
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Figure 26: Performance of (a)DDSRF-PLL and (b) DSOGI-FLL under sag type
C with D = 0.5∠−30◦. Unbalanced grid parameters: U+ = 73∠−9.9◦ V, U− =
25∠23.8◦ V, frequency ω = 50 Hz.
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gives much more overshoot in the estimation of frequency. DSOGI-FLL also shows
slow dynamics but less oscillation for detecting the positive- and negative sequence
voltage. DSOGI-FLL can perfectly detect the phase angle of the positive sequence,
but also shows some overshoot in the estimation of frequency. So, in the case of sud-
den phase angle jumps in the grid voltage, DSOGI-FLL shows better performance
then DDSRF-PLL.
8.5 Performance of DDSRF-PLL with Control Loop Frequency
50 Hz
The value for the control loop frequency of DDSRF-PLL is selected as ωPLL ≈ 2pi25
rad/s in previous examples. According to the modern grid codes, the strictest con-
tinuous operation limits for frequency appear in the British code is 47.5−52 Hz and
the most extreme frequency limits 46.5 Hz and 53.5 Hz are for E.ON oﬀshore [35].
Now, to examine the performance of DDSRF-PLL with ωPLL ≈ 2pi50 rad/s,
which is same as grid frequency ω = 2pi50 rad/s, the tuning parameters of the
PLL are revised as kp = 4.44 and ki = 986.96 and simulated again for all the
examples shown above. The performance is DDSRF-PLL is almost similar interms of
estimating the value of positive- and negative-sequence voltage and the phase angle.
But for estimating the frequency, there is higher overshoot in the case of ωPLL ≈ 2pi50
rad/s than ωPLL ≈ 2pi25 rad/s. As an example, an unbalanced harmonic distorted
utility voltage is selected for examine as section 8.2. Fig. 27(a) and 27(b) shows
the performance of DDSRF-PLL with ωPLL ≈ 2pi25 rad/s and ωPLL ≈ 2pi50 rad/s,
respectively. As we can see that as the bandwidth of control loop is increased to
be equal with the grid frequency, there is much more overshoot for estimating the
frequency in Fig. 27(b) than 27(a).
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Figure 27: Performance of DDSRF-PLL under harmonic-distorted condition with
(a) ωPLL ≈ 2pi25 and (b) ωPLL ≈ 2pi50. Unbalanced grid parameters: U+ = 100 V,
U− = 30 V, U+5 = 10 V, U−5 = 10 V.
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9 Conclusion
In this thesis, two novel grid-voltage synchronization algorithms have been presented
and compared with each other. After all the simulation results, the performance of
DDSRF-PLL can be justiﬁed as below:
1. DDSRF-PLL can perfectly detect the positive- and negative-sequence compo-
nent of the voltage by cancelling out the 2ω oscillation in the case voltage
unbalanced condition.
2. The control loop bandwidth of DDSRF-PLL is selected as ωPLL ≈ 2pi25, which
is half of the grid frequency of the input voltage. This might can be improved.
3. DDSRF-PLL cannot perfectly detect the positive- and negative voltage and
frequency of the unbalanced voltage, when their is harmonic distortion in the
input voltage. This is because DDSRF-PLL only cancels out the 2ω oscillation
with the help of decoupling network. Meanwhile, it cannot cancels out the os-
cillation higher than 2ω. Which means if the amplitude of the harmonics is
higher enough, it can cause much problem in the detection of positive- and neg-
ative sequence component of the voltage. A alternative solution for this might
be the use of active and adaptive ﬁltering [29]-[30] or multi-sequence/harmonic
decoupling cell (MSHDC) [33] to cancel out the harmonic oscillations at any
order automatically.
4. DDSRF-PLL also shows higher overshoot in the frequency estimation and
slow dynamics comapred to DSOGI-FLL in the case of phase angle jump in
the input unbalanced voltage.
The performance of DSOGI-FLL can be justiﬁed as below:
1. DSOGI-FLL can perfectly detect the positive- and negative-sequence compo-
nent of the voltage by cancelling out the 2ω oscillation in the case voltage
unbalanced condition.
2. DSOGI-FLL shows some oscillation in the detection of positive- and negative-
sequence voltage and frequency, when their is harmonic distortion in the in-
put voltage. This can be improved by means of using Multiple SOGI-FLL
(MSOGI-FLL) [34] for cancelling the harmonic oscillation.
3. DSOGI-FLL shows higher overshoot in the frequency estimation, but faster
dynamics comapred to DSOGI-FLL in the case of phase angle jump in the
input unbalanced voltage.
4. DSOGI-FLL is implemented in stationary reference frame. But, when the
control of the GSC is implemented in the synchronous reference frame, DSOGI-
FLL is not the appropriate solution in that case.
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9.1 Future Work
The grid synchronization algorithm MSHDC, which has mentioned earlier in this
section, is implemented using αβPLL [23]. The αβPLL is implemented in stationary
reference frame for estimation the phase angle of the positive-sequence voltage. The
reason for the use of αβPLL is that, it shows faster dynamics then SRF-PLL, as
shown in [23]. But the use of αβPLL might not be useful, when the control of the
GSC is implemented in SRF.
A new algorithm based on SRF-PLL, decoupled multiple SRF-PLL (DMSRF-
PLL) might be a better solution, when the utility voltage contains harmonic dis-
tortion. The idea of DMSRF-PLL is similar to DDSRF-PLL. The DDSRF-PLL
can only remove the oscillation at 2ω. But it cannot remove the oscillations higher
then 2ω, which are the results of decoupling of harmonics. DMSRF-PLL will have
multiple decoupling cells having the ability of decoupling of the harmonics, which
will cancel out the oscillations at any order resulted by the harmonic distortion. As
a result, DMSRF-PLL will have the ability of perfectly detecting the positive and
negative sequence components of the grid voltage. The control loop frequency and
the grid frequency, both will be similar for DMSRF-PLL. Hence, there will be no
need to reduce the bandwidth of the control loop, which will satisfy the modern grid
codes [35].
I believe, that for both DDSRF-PLL and DSOGI-FLL, there are many more
points to be improved, specially the performances under harmonic-distorted condi-
tion and phase angle jumps in the voltage at PCC. Otherwise, the performance of
both DDSRF-PLL and DSOGI-PLL shows good dynamics response and appropriate
FRT operation under grid faults in order to meet the modern grid codes.
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